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Cross-talk between interleukin 1f (IL-1/) and IL-6 signalling pathways:
IL-1p selectively inhibits IL-6-activated signal transducer and activator
of transcription factor 1 (STAT1) by a proteasome-dependent mechanism
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Interleukin 15 (IL-15) suppresses the IL-6-dependent induction
of type II acute-phase response genes, but the underlying mech-
anism for this suppression remains uncertain. Here we report
that treatment of human hepatocullular carcinoma HepG?2 cells
with IL-14 inhibited the IL-6-dependent binding of signal
transducer and activator of transcription factor (STAT)1, but
not that of STATS3, to the high-affinity serum-inducible element
(‘SIE’). Furthermore, IL-14 selectively down-regulated the IL-6-
induced tyrosine phosphorylation of STAT! without affecting
the level of STATI1 or tyrosine phosphorylation of STAT3.
Kinase assays in vitro indicated that the inhibition of STATI1
phosphorylation by IL-14 was not due to an upstream blockade
of Janus kinase (JAKI or JAK2) activation. However, pre-
treatment with the proteasome inhibitor MG132 under con-

ditions that prevented the IL-1p-dependent activation of the
nuclear factor NF-«B also blocked the inhibitory effect of IL-1/
on IL-6-activated STATI. In related experiments, the protein
tyrosine phosphatase inhibitor Na,VO, also antagonized the
inhibitory effect of IL-1/4 on the activation of STATI by IL-6.
Taken together, these findings indicate that, by using a
proteasome-dependent mechanism, IL-14 concomitantly induces
NF-«B activation and dephosphorylates IL-6-activated STATI;
the latter might partly account for the inhibition by IL-1/ of the
IL-6-dependent induction of type II acute-phase genes.

Key words: acute-phase protein, Janus kinase, nuclear factor «B,
liver cells, protein tyrosine phosphatase.

INTRODUCTION

The acute-phase reaction that occurs in response to tissue injury
and infection is mediated by hepatic synthesis of distinct classes
of acute-phase proteins [1-4]. Expression of these acute-phase
proteins is regulated predominantly by the actions of interleukin
6 (IL-6) and IL-1. Consequently, the acute-phase proteins are
classified into type I and type II subgroups. Type I acute-phase
proteins (e.g. C-reactive protein, serum amyloid A and «, acid
glycoprotein) can be maximally induced by the synergistic action
of IL-6 and IL-1, whereas type II proteins (e.g. several fibrinogen
chains and «,-macroglobulin) can be maximally induced by IL-
6 alone. In fact, with type II genes, IL-1 acts to suppress rather
than enhance the IL-6-dependent induction of gene expression
[1-4]. However, the molecular mechanism by which IL-1 down-
regulates the IL-6-induced expression of acute-phase proteins
(including fibrinogen) remains uncertain.

Presumably, the inhibitory action of IL-1 on IL-6-inducible
gene expression depends on interruption of the IL-6 signal-
transduction pathway from the cell surface to the nucleus. Thus
IL-6 initiates its actions in the liver by interaction with the gp130
signalling protein [5]. The interaction of IL-6 with the a-chains
of the IL-6 receptor (IL-6R«) induces the homodimerization of
gp130 and the consequent activation of three receptor-associated
Janus kinases (JAKs): JAKI, JAK2 and Tyk2 [5-7]. The
activated IL-6Ra—gp130-JAK complex recruits and phosphoryl-
ates the signal transducer and activator of transcription (STAT)
family members designated STAT1 and STAT3, which then

form homodimers or heterodimers that translocate to the nucleus
to activate the transcription of many target genes, including
acute-phase response genes [5—7]. Transcriptional activation by
STAT proteins can be terminated by the action of protein
tyrosine phosphatases (PTPs) [8-17], by degradation by the
ubiquitin—proteasome pathway [18-21], by the action of in-
hibitory molecules such as SOCS/JAB/SSI/CIS (reviewed in
[22]) or by the action of several protein kinases, including p42 /44
mitogen-activated protein (MAP) kinase [23-25], but the role of
these steps in IL-6-dependent gene expression is uncertain. In
addition to the JAK-STAT signalling pathway, IL-6 also activ-
ates phosphoinositide 3-kinase and weakly stimulates Ras/MAP
kinase in the liver [26,27].

In attempting to define which IL-6-driven signalling steps are
targets for inhibition by IL-1, we also reviewed the actions of IL-
1 on gene expression. Thus IL-1/ exerts its biological effects (in
the liver and other organs) through initial interaction with the
IL-1 type I receptor [28]. The receptor binding of IL-1/4 leads to
the recruitment of two IL-1-receptor-associated kinases, IRAK-
1 and IRAK-2, and the subsequent activation of NF-xB-inducing
kinase (NIK) and then IxB kinase. The activated I«B kinase acts
to phosphorylate the NF-«B inhibitory protein IxBa at Ser®? and
Ser®®, leading to its ubiquitination and degradation through the
ubiquitin-dependent proteasome pathway [28-34]. The degrad-
ation of IxB allows NF-«B to translocate to the nucleus and
mediate the more efficient transcription of appropriate target
genes containing the NF-«B-binding site [28—34]. In addition to
the NF-«B signalling pathway, IL-1/ also activates p42/44 MAP

Abbreviations used: EMSA, electrophoretic gel-mobility shift assay, IFN, interferon; IL, interleukin; JAK, Janus kinase; MAP, mitogen-activated protein;
NIK, NF-kB-inducing kinase; PTP, protein tyrosine phosphatase; STAT, signal transducer and activator of transcription.

" To whom correspondence should be addressed at: Section of Liver Biology, National Institute on Alcohol Abuse and Alcoholism, National Institutes
of Health, Flow Bldg., Room 13, Rockville, MD 20852, U.S.A. (e-mail bgao@mail.nih.gov).

© 2000 Biochemical Society



914 X. Shen and others

kinase, p38 MAP kinase, c-Jun N-terminal kinase (JNK) and
phosphoinositide 3-kinase [28—34].

In the present study we used a hepatic cell model system to
analyse the cross-talk between IL-1p and IL-6 signalling. We
show that IL-1/4 exerts its inhibitory action in this system by
selectively down-regulating the phosphorylation of STATI.
Additional experiments indicate that the IL-14-dependent
down-regulation of STAT! phosphorylation relies on a
proteasome-dependent pathway that might be analogous to
the IL-1/-dependent degradation of IxkB. We also present evi-
dence that the capacity of IL-14 to increase the ratio of un-
phosphorylated to phosphorylated STAT1 (and so inactivate
STATI1) might depend on increases in phosphatase activity. We
reconcile and integrate each of these findings with a new model
that allows for cross-talk between IL-14 and IL-6 signalling.

MATERIALS AND METHODS
Materials

Antibodies against STAT1, STAT3, JAK1 and JAK2 were
purchased from Upstate Biotechnology (Lake Placid, NY,
U.S.A.). Anti-[phosphotyrosine-STAT3 (Tyr"®®)] and anti-
[phosphotyrosine-STAT1 (Tyr")] antibodies were obtained
from Bio-Lab (Beverly, MA, U.S.A.). MGI32 was pur-
chased from Calbiochem (San Diego, CA, U.S.A.). [y-**P]ATP
was obtained from DuPont NEN (Boston, MA, U.S.A.). The
following reagents were obtained from Sigma Chemicals
(St Louis, MO, U.S.A.): Na,VO,, Nonidet P40, IL-6 and IL-15.
The concentration of IL-6 used in this paper was 20 ng/ml. The
HepG2 cell line was obtained from American Type Culture
Collection (Manassas, VA, U.S.A.) and cultured as directed.

Electrophoretic gel-mobility shift assay (EMSA)

The EMSA for STAT binding was performed as described
previously [35,36]. In brief, DNA mobility-shift assays
were performed in 20 xl volumes with 20 mM Tris/HCI
(pH 7.9)/1.5% (v/v) glycerol/50 ug/ml BSA/1 mM dithio-
threitol /0.5 mM PMSF containing 2 g of poly(dI-dC), 1 ng of
32P-labelled probe and 10 ug of nuclear extract. Reactions were
incubated at 25 °C for 20 min and subsequently analysed by non-
denaturing PAGE [109, (w/v) gel] in 0.5 x Tris/borate/EDTA
buffer, consisting of 44.5 mM Tris/HCI, pH 8.2, 44.5 mM boric
acid and 1 mM EDTA. After the gel had been pre-run at 100 V
for 2 h, electrophoresis was performed at 270 V for 2 h at 4 °C.
The gels were exposed to a PhosphorImager™ Exposure Cassette
and analysed with the PhosphorImager™ ImageQuant™ program
(Molecular Dynamics). The STAT-binding site in the double-
stranded oligonucleotide m67 [the high-affinity serum-inducible
element (SIE)], consisting of 5-GTC GAC ATT TCC CGT
AAA TCG TCG A-3"[37,38], and the NF-xB-binding site in the
double-stranded oligonucleotide 5-AGT TGA GGG GACTTT
CCC AGG-3', were used as probes to determine STAT1/STAT3
and NF-«B binding respectively.

Cell extraction, SDS/PAGE and Western blotting

Cells were lysed in lysis buffer [30 mM Tris/HCl (pH 7.5)/
150 mM NaCl/1 mM PMSF/1 mM Na,VO,/1 9%, (v/v) Nonidet
P40/109, (v/v) glycerol] for 15 min at 4 °C and vortex-mixed,
then centrifuged at 3100 g and 4 °C for 10 min. The supernatants
were mixed in Laemmli running buffer, boiled for 4 min and then
subjected to SDS/PAGE. After electrophoresis, proteins were
transferred on nitrocellulose membranes and blotted against
anti-STAT antibodies. Membranes were washed with TPBS
buffer [0.059, (v/v) Tween 20 in PBS (pH 7.4)] and incubated
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with a 1:4000 dilution of horseradish-peroxidase-conjugated
secondary antibodies for 45 min. Protein bands were detected by
an enhanced chemiluminescence reaction (Amersham Pharmacia
Biotech, Piscataway, NJ, U.S.A.).

JAK kinase assay

To assess JAK phosphorylation, cells were washed twice with
PBS, pH 7.4, containing 1 mM Na,VO, and lysed in 0.5 ml of
lysis buffer. The total cell extracts were immunoprecipitated with
anti-JAK1 or anti-JAK2 antibodies, washed twice with lysis
buffer and then once with kinase buffer [S0 mM Tris/HCI
(pH 7.4)/5 mM MgCl,/10 mM MnCl, /0.1 mM Na,VO,]. Pellets
were resuspended in 50 xl of kinase buffer containing 5 Ci of
[y**P]ATP and incubated at 30 °C for 10 min. Beads were
washed twice with 500 ul of stop buffer [SO mM Tris/HCI
(pH 7.4)/150 mM NaCl/10 mM EDTA], then boiled in SDS
sample buffer containing 2.59, (v/v) 2-mercaptoethanol for
5 min. The solubilized proteins were resolved by SDS/PAGE
and quantified by PhosphorImaging.

Expression of dominant-negative mutants

The dominant-negative mutants of NIK were transfected into
the cells by an adenovirus-lysine-mediated procedure as described
previously [39]. This method can achieve approx. 809, trans-
fection efficiency. In brief, adenovirus-DNA complexes were
prepared by incubating lysine-modified adenovirus with
dominant-negative mutants of NIK for 30 min at 25 °C in the
dark, followed by a 30 min incubation with polylysine at a
molar concentration equivalent to 125-fold the molar plasmid
DNA concentrations. Adenovirus-DNA-lysine complex was then
added to the cells and incubated for 8 h at 37 °C. The cells were
washed with medium to remove virus and cultured for an
additional 48 h in Dulbecco’s modified Eagle’s medium con-
taining 109, (v/v) fetal-calf serum. The dominant-negative
mutants of NIK (KK429-430AA) were generous gifts from Dr
David Wallach (Weizmann Institute of Science, Rehovot, Israel)
as described previously [40].

RESULTS

IL-1p rapidly down-regulates IL-6-induced STAT1 but not STAT3
activation

To determine the mechanism by which IL-14 inhibits IL-6-
induced type IT acute-phase gene expression, the effect of IL-15 on
the IL-6 signalling pathway was examined. As shown in Figure
1(A), exposure of HepG2 cells to IL-6 for 30 min activated
STATI1/STATS3, as indicated by the binding of STAT1/STAT3
to its consensus site in the m67 oligonucleotide probe (Figure 1A,
lane 2 compared with lane 1). The identities of STATI1 and
STATS3 were confirmed by the gel-mobility supershift assay with
anti-STAT1 and anti-STAT3 antibodies (Figure 1B, left panel).
The DNA binding of STAT1/STAT3 was markedly inhibited by
a 30 min pretreatment with IL-14, with inhibition already evident
at 0.1 ng/ml. Interestingly, IL-15 treatment even at a high
concentration (100 ng/ml) was unable to suppress completely
the IL-6-induced STATI1/STAT3 binding to the m67 probe
(Figure 1A), suggesting that IL-1 only partly inhibits the form-
ation of the IL-6-induced STAT-containing complexes or select-
ively inhibits a part of this complex.

To determine better whether a part of the IL-6-induced STAT
complex was inhibited by IL-1/, gel mobility-shift assays were
performed in the absence and the presence of anti-STAT1 and
anti-STAT3 antibodies. The IL-6-inducible STAT-binding com-
plex interacted with both anti-STAT1 and anti-STAT3 antibodies
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Figure 1 IL-1f rapidly suppresses IL-6-activated STAT1 but not STAT3

(R) HepG2 cells were treated for 30 min with various concentrations of IL-14 as indicated,
followed by a 30 min stimulation with IL-6. Cell extracts were subjected to EMSA with m67 as
an oligonucleotide probe. (B) Cell extracts from HepG2 cells treated with IL-6 or with IL-14 plus
IL-6 were incubated with various antibodies as indicated and then subjected to EMSA with the
m67 probe. An autoradiogram representative of three independent experiments is shown.

(Figure 1B, left panel) but not with control anti-STATS antibody
(results not shown). As noted above, these findings indicate that
IL-6 was able to activate both STAT1 and STATS3 selectively in
HepG2 cells. Interestingly, however, after treatment with IL-17
plus IL-6, the resulting STAT complex interacted with anti-
STAT3 antibody, but no longer interacted with anti-STATI1
antibody (Figure 1B, right panel). This finding indicated that
STATI1 was no longer capable of binding to its regulatory site
after IL-1/ treatment, and therefore further suggested that IL-1/
selectively down-regulated IL-6-dependent signalling at the level
of STAT] activation status.

IL-1f inhibits IL-6-induced STAT1 tyrosine phosphorylation, but
not STAT1 expression or STAT3 tyrosine phosphorylation

The capacity of IL-12 to inhibit IL-6-induced STAT1 (or STAT3)
binding to its regulatory site could be due to the down-regulation
of tyrosine phosphorylation. To examine this possibility more
directly, Western blot analysis was performed with anti-
(phosphotyrosine-STAT1) and anti-(phosphotyrosine-STAT3)
antibodies. Results indicated that treatment with IL-6 induced
significant STAT3 tyrosine phosphorylation (Figure 2B, lane 2);
pretreatment of HepG?2 cells with IL-14 for 30 min did not alter
this phosphorylation level (Figure 2B, lanes 3-6) or the cellular
level of STAT3 protein (Figure 2C). In control experiments we
found that treatment with IL-1/4 alone did not alter the basal
level of STATS3 tyrosine phosphorylation (results not shown). In
contrast with STAT3 phosphorylation, however, STAT]I tyrosine
phosphorylation induced by IL-6 was markedly suppressed by
treatment with IL-14 (Figure 2D); inhibition of phosphorylation
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Figure 2 IL-1f inhibits the IL-6-induced tyrosine phosphorylation of STAT1
but not that of STAT3

HepG2 cells were incubated for 30 min with various concentrations of IL-1/3, followed by a
30 min stimulation with IL-6. Cell lysates were then subjected to EMSA with the m67
oligonucleotide as a probe (A), or to Western-blot analysis with anti-[phosphotyrosine-STAT3
(Tyr"®)] (B), anti-STAT3 (C), anti-[phosphotyrosine-STAT1 (Tyr™®")] (D) or anti-STAT1 (E)
antibodies. Blots shown are representative of three independent experiments.
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Figure 3  Effects of IL-15 on the IL-6-induced phosphorylation of receptor-
associated kinases (JAK1 and JAK2)

HepG2 cells were treated with IL-1/ (10 ng/ml) for 30 min, followed by a 5 min stimulation
with IL-6. Cell extracts were immunoprecipitated with anti-JAK1 (A) or anti-JAK2 (B) antibodies.
The immunoprecipitated JAKT or JAK2 proteins were subjected to kinase assays in vitro as
described in the Materials and methods section. Autoradiograms shown are representative of
two independent experiments.

was accomplished without a change in the cellular levels of
STAT!1 protein (Figure 2E). Taken together, these findings
indicate that IL-1/ inhibits IL-6-induced STAT1 but not STAT3
tyrosine phosphorylation. This finding is consistent with the
suppression by IL-14 of the IL-6-activated binding of STATI,
but not that of STATS3, to its consensus site, as detected above by
gel mobility-shift assay (Figure 1).
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Figure 4 Proteasome inhibitor MG132 attenuates the stimulation by IL-1 of the NF-«B and IL-1/ suppression of the IL-6-activated tyrosine phosphorylation

of STAT1

(R) HepG2 cells were treated with buffer or MG132 (50 £M) for 30 min, then stimulated with IL-14 (10 ng/ml) for the indicated periods. Cell extracts were then subjected to EMSA by using
an oligonucleotide with an NF-«B site as a probe. (B) HepG2 cells were incubated with or without MG132 (50 M) for 30 min, then treated with or without IL-14 (10 ng/ml) for 30 min, followed
by stimulation with IL-6 for the indicated periods. (C) TFG2 cells (transfected HepG2 cells with o, adrenergic receptor [27]) were incubated with MG132 (50 M) for 30 min, then stimulated
with IL-1 or phenylephrine (PE, 10 zM) for 30 min, followed by a 30 min stimulation with IL-6. (D) HepG2 cells were transfected with control vector or dominant-negative (DN) NIK mutants
for 48 h, then treated with IL-1/ for 30 min, followed by a 30 min stimulation with IL-6. In (B), (C) and (D), cell extracts were subjected to Western-blot analysis with anti-[phosphotyrosine-STAT1
(Tyr™™] or anti-[phosphotyrosine-STAT3 (Tyr'®)] antibodies as indicated. Autoradiograms or blots shown are representative of three separate experiments.

IL-1f does not significantly inhibit IL-6-induced JAK
phosphorylation

To test whether IL-6-induced STAT1 tyrosine phosphorylation
was inhibited by IL-1/4 action at an upstream site, JAK1 and
JAK?2 phosphorylation was analysed with a kinase assay in vitro.
In these experiments, treatment with IL-6 for 5 min induced a
marked increase in the levels of JAK 1 and JAK2 phosphorylation
in cellular extracts prepared from HepG?2 cells (Figure 3, lanes 2).
However, neither JAK1 nor JAK2 phosphorylation was signifi-
cantly affected by treatment with IL-14 (Figure 3). In control
experiments we found that treatment with IL-14 alone did not
affect the basal levels of JAK1 or JAK?2 phosphorylation (results
not shown). These results indicate that IL-14 does not signifi-
cantly suppress the IL-6-induced phosphorylation of either JAK 1
or JAK?2 tyrosine kinases. The findings (along with the absence
of a change in STAT3 phosphorylation) suggested that the
down-regulation of STAT]1 activation by IL-14 might occur at a
site further downstream in the IL-6-driven JAK—STAT signalling
pathway, i.e. at the level of STAT1 dephosphorylation.

IL-1/ inhibits IL-6-induced activation of STAT1 activation by a
proteasome-dependent pathway

Previous reports have provided a role for the ubiquitin—
proteasome pathway in IL-1/ activation of NF-xB [29-31]. We
therefore questioned whether this type of pathway might also be
involved in the inhibition by IL-1/ of the activation of STAT1 by
IL-6. To test this possibility, the highly selective proteasome
inhibitor MG132 was used. As shown in Figure 4(A), IL-1/5
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rapidly induced NF-«B activation (on the basis of DNA binding);
this activation was markedly suppressed by pretreatment with
MG132. This finding is consistent with the role of the ubiquitin—
proteasome pathway in degrading an inhibitor (IxB), thus
allowing the IL-1p-driven activation of NF-xB [29-31]. Ad-
ditional experiments indicated that the pretreatment of HepG2
cells with MG132 significantly enhanced and prolonged the IL-
6-induced tyrosine phosphorylation of STATI1, but not that of
STAT3 (Figure 4B). Treatment of HepG2 cells with IL-175
and/or IL-6 and/or MG132 did not affect the levels of STATI
protein expression (results not shown). This finding suggested
that the ubiquitin—proteasome pathway was also involved in
degrading a target that normally mediated up-regulation of the
activation of STATI1 by IL-6 (Figure 4B). Furthermore, pre-
treatment of HepG?2 cells with MG132 markedly antagonized the
expected IL-1/4-dependent inhibition of the activation of STAT1
by IL-6 (Figure 4B). Because MG132 markedly potentiated IL-
6-activated STATI1, MG132’s reversal of the inhibition by IL-1/4
of IL-6-activated STAT1 could be due to direct or non-specific
stabilization of STAT1 phosphorylation. However, this seems
unlikely, because MG132 did not antagonize the phenylephrine-
dependent inhibition of IL-6-activated STATI1, as demonstrated
in Figure 4(C). Treatment of HepG?2 cells with IL-1/4 and/or IL-
6 and/or phenylephrine and/or MG132 did not affect the levels
of STAT]1 protein expression (Figure 4C, bottom panel). These
findings suggest that the proteasome pathway is crucial for the
suppression of IL-6-activated STAT1 by IL-15.

To confirm the involvement of NIK-driven proteasome path-
way in the suppression of IL-6-activated STATI1 by IL-1, NIK
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Figure 5 Evidence for the involvement of tyrosine phosphatases in the
inhibition of IL-6-activated STAT1 by IL-1

HepG2 cells were incubated with Na,vV0, (0.2 mM) for 30 min, then treated with IL-14
(10 ng/ml) for 30 min, followed by a 30 min stimulation with IL-6. The cell extracts were then
subjected to Western blotting with anti-[phosphotyrosine-STAT1 (Tyr’®")] antibody (top panel)
and anti-STAT1 antibody (bottom panel). Blots shown are representative of three independent
experiments.

(KK429-430AA) dominant-negative expression vectors were
used. As shown in Figure 4(D), overexpression of NIK (KK429-
430AA) did not significantly affect 1L-6-activated STATI, but
markedly antagonized the inhibitory action of IL-1p. Trans-
fection with the dominant-negative mutants of NIK did not
affect the levels of STAT]1 protein expression (Figure 4D, bottom
panel). Taken together, these findings suggest (as developed
below) that the proteasome-dependent degradation of a protein
that potentiates STAT1 activation, i.e. the degradation of an
inhibitor of STATI1 tyrosine phosphatase, might occur in a
manner analogous to degradation of the I«B inhibitor of NF-«B
activation.

One or more Na,V0,-sensitive PTPs are involved in the inhibition
by IL-1f of IL-6-induced STAT1 activation

As noted above, dephosphorylation of the JAK-STAT proteins
by PTPsis another important mechanism for the down-regulation
of this signalling pathway [8—17]. To define more directly the role
for PTPsin IL-14-dependent inhibition of IL-6-activated STATI,
we tested the effect of the PTP inhibitor Na,VO, on the
suppression by IL-1/ of IL-6-activated STAT1 in HepG2 cells.
In these experiments, cells were treated with 1L-6 alone and IL-
6 plus IL-14 for 30 min, without or with pretreatment with
Na,VO, for 30 min. Pretreatment with Na,VO, significantly
enhanced the induction by IL-6 of STAT1 tyrosine phosphoryl-
ation and markedly antagonized the inhibition by that induction
(Figure 5). These findings suggested again that IL-14 exerts its
inhibitory effect on the activation of STAT! by IL-6 by
influencing the dephosphorylation of STATI by PTPs.

DISCUSSION

This report presents the first mechanistic evidence for cross-talk
between the IL-14 and IL-6 signalling pathways. In particular,
we show that IL-14 exerts its inhibitory action on the IL-6-
dependent expression of type II acute-phase proteins by select-
ively down-regulating the phosphorylation of STATI. Impaired
activation of STAT1 occurs in the absence of upstream alterations
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STATsite

Type II acute-phase genes
Scheme 1 Model for cross-talk between the IL-14 and IL-6 signal-

transduction pathways to the nucleus and for the regulation of type Il acute-
phase response genes

For IL-13-dependent gene expression (left panel), IL-1/ binds to its receptor and activates NIK,
followed by the activation of 1B kinase (IKK), which mediates the subsequent phosphorylation
of IkB and the degradation of IxB via the ubiquitin—proteasome pathway. These steps allow
for the binding of NF-«B to its DNA site and for the transcription of NF-«B target genes. For
the IL-1/-dependent inhibition of the expression of IL-6-induced type Il acute-phase genes
(right panel), two mechanisms might be involved: (1) IL-1/ might similarly act to promote the
proteasome-dependent degradation of an unknown protein (a?), followed by the release of an
inhibitory factor (b?) that attenuates STAT1 phosphorylation; or (2) activated NF-«xB might
compete with STAT binding and consequently inhibit IL-6-activated STAT binding on type Il
acute-phase gene promoters [43]. See the text for details.

in IL-6-receptor—gpl30-associated kinases (JAK) activities,
implying that the inactivation of STAT1 occurs at downstream
step, i.e. the dephosphorylation of STATI by a PTP [8-17]. In
fact, we also present initial evidence that the capacity of IL-14 to
increase the ratio of unphosphorylated to phosphorylated STAT1
(and so to inactivate STAT1) might depend on increases in
phosphatase activity, because the effect is negated by a phos-
phatase inhibitor (Na,VO,). Additional experiments indicate
thatthe IL-14-dependent down-regulation of STAT1 phosphoryl-
ation relies on a proteasome-dependent pathway, because this
effect is antagonized by a proteasome inhibitor (MG132). We
therefore conclude that proteasome-dependent degradation of a
putative inhibitor of a STAT1 PTP would best reconcile all of
these findings. We have integrated each of these findings in a new
model (summarized in Scheme 1) that allows for cross-talk
between IL-1/4 and IL-6 signalling and consequently the selective
expression of acute-phase target genes. The rationale for this
model is presented in the following discussion.

In our model in Scheme 1 for type II acute-phase gene control,
we note that IL-14 acts to initiate NF-«B-dependent gene
expression while it concomitantly down-regulates IL-6-depend-
ent gene expression. In IL-14-induced NF-«B-dependent gene
expression, IL-1 binding to the IL-1 receptor initiates the rapid
and sequential activation of NIK and then IxB kinase, which
phosphorylates the NF-«B inhibitory protein I«Ba and so enables
the subsequent degradation of IxkB through the ubiquitin—
proteasome pathway [28-34]. The loss of IxB inhibition then
permits the translocation of NF-«xB to nuclear sites for DNA
binding and target gene expression (Scheme 1, left panel).

As noted above, we propose an analogous set of events for the
IL-1p-dependent inhibition of IL-6-induced STATI1/STAT3-
dependent gene expression. In this case, IL-1/ might also drive
degradation, but here it drives the degradation of an unknown
protein (a?), followed by the release of an inhibitory factor (b?)
that attenuates STAT1 tyrosine phosphorylation and so blocks
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the STATI-dependent activation of transcription, including
expression of the gene for vy fibrinogen (Scheme 1). The role of a
ubiquitin—proteasome-dependent pathway in these events was
further supported by our finding that the proteasome inhibitor
MG132 simultaneously blocked the capacities of IL-14 to activate
NF-«B and to inactivate STATI1. Because MG132 itself can
significantly increase the level of IL-6-activated STATI, the
drug’s reversal of the inhibition by IL-1p of IL-6-activated
STATI1 could be due to direct and non-specific stabilization
of STATI1 phosphorylation. However, this appears unlikely,
because MG132 did not reverse the phenylephrine-dependent
inhibition of IL-6-activated STAT1 (Figure 4C) or the ethanol-
dependent inhibition of interferon (IFN)-y-activated STATI1
[41].

The proteasome-dependent pathway for protein degradation
has been implicated in the down-regulation of STAT activation
induced by several other cytokines (besides IL-1 and IL-6). Thus,
others have found that this pathway might down-regulate the
IFN-y-dependent or IL-3-dependent activation of STAT1 [18,20]
and the activation of STATS by IL-2 or growth hormone [19,21].
These findings led us to speculate that IL-14 might also suppress
the activation of JAK-STAT signalling induced by these cyto-
kines. Indeed, we have found that IL-1/4 also markedly decreased
both the IFN-z-dependent and IFN-p-dependent activation of
STATI1 in HepG?2 cells (X. Shen, Z. Tian and B. Gao, unpublished
work).

It has been reported that the proteasome-mediated inactivation
of the JAK-STAT signalling pathway is due to the degradation
of active STAT protein [18] or to a blockade of upstream
signalling [19-21]. For example, IFN-y-activated STAT1 can be
ubiquitinated and degraded by the 26 S proteasome [18]. How-
ever, two lines of evidence indicate that the inhibition of IL-6-
activated STAT1 by IL-14 is not due to the direct ubiquitination
and degradation of STAT1: (1) the total cellular STAT]1 protein
level was unchanged after treatment with IL-14 (Figure 2E), and
(2) no STAT1-ubiquitin conjugates were detected when immuno-
precipitating STAT! from IL-1p-treated and/or IL-6-treated
cells (with or without MG132 treatment) and blotting the immune
complex with anti-ubiquitin antibodies (X. Shen, Z. Tian and B.
Gao, unpublished work). Others have also presented evidence
that proteasome degradation might target upstream signalling
steps (i.e. receptor-associated JAK) to down-regulate the JAK-
STAT pathway [19-21]. However, our results indicate that IL-1/4
does not inhibit the IL-6-dependent activation of JAK1 or JAK?2
(Figure 3). Furthermore, IL-14 does not suppress the IL-6-
dependent activation of STAT3, a downstream target of JAK
activities. Taken together, these findings suggest that the in-
hibition of IL-6-activated STAT1 by IL-14 is not due to the
suppression of JAK-dependent phosphorylation, and is more
likely to be due to down-regulation of the IL-6-dependent
activation of STATI at a downstream step, i.e. PTP-
dependent dephosphorylation of STATI.

A PTP-dependent mechanism for the down-regulation of the
JAK-STAT signalling pathway has been implicated in several
other model systems [8-17]. Na,VO,, the protein tyrosine in-
hibitor, markedly antagonized the suppression by IL-1/ of IL-6-
activated STAT1 phosphorylation, suggesting that PTP might be
involved. However, we cannot rule out the possibility that the
reversal by Na,VO, of the inhibition of IL-6-activated STATI
by IL-1 could be due to direct and non-specific stabilization
of STAT1 phosphorylation, because Na,VO, significantly
potentiated IL-6-activated STATI1, as shown in Figure 5. Can-
didate PTPs in other systems include SH2-domain-containing
phosphatases such as SHP-1 or SHP-2 [8,13-16] and protein
phosphatase 2A (PP2A) [17]. Our results show that IL-1p5
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selectively suppresses the IL-6-dependent phosphorylation of
STATI but not that of STAT3, JAK1 or JAK2. These findings
suggest that SHP-1, SHP-2 and PP2A are probably not involved
in the suppression of IL-6-activated STAT1 by IL-18, because
SHP-1 and SHP-2 effectively dephosphorylate JAKSs [8,13-16]
and PP2A dephosphorylates STAT3 [17]. Others have reported
that the MAP kinase phosphatase MKP-1 can dephosphorylate
angiotensin-II-activated STATI, but not STAT3 [10,11]. Thus
MKP-1 might be a suitable candidate to mediate the selective
suppression by IL-14 of the activation of STATI, but not that of
STATS3, by IL-6. Other recent evidence suggests that a nuclear
PTP is required for the inactivation of STAT1 [12]. Whether this
nuclear tyrosine phosphatase (as yet undefined) or MKP-1 is
responsible for the suppression of IL-6-activated STATI by IL-
1/ requires further investigation.

In summary, we have demonstrated for the first time that IL-
1 inhibits IL-6-induced STAT1 tyrosine phosphorylation by a
proteasome-dependent mechanism, followed by the down-regu-
lation of IL-6-induced STAT activation. Although we could not
provide conclusive evidence that the inhibition by IL-1 of STAT1
phosphorylation is involved in the suppression by IL-1 of IL-6-
induced type II acute-phase proteins, two lines of evidence
support this notion. First, it has been reported that STATI and
STATS3 can bind to the promoters of several type II acute-phase
proteins, including o,-macroglobulin and vy fibrinogen [42].
Secondly, overexpression of dominant-negative STAT1 mutants
markedly inhibited the IL-6-induced expression of human vy
fibrinogen mRNA (X. Shen, Z. Tian and B. Gao, unpublished
work), suggesting that the activation of STATI is involved. It
has been reported that IL-15 completely abolished IL-6-induced
the expression of type II acute-phase genes ([3], and X. Shen, Z.
Tian and B. Gao, unpublished work), whereas IL-14 only partly
suppressed IL-6-activated STAT (it inhibited only STATI, not
STATS3), suggesting that the attenuation of STAT1 phosphoryl-
ation is only one of the mechanisms involved in the suppression
by IL-14 of IL-6-induced type II acute-phase gene expression
and that other mechanisms might also be involved. It has been
reported that both o,-macroglobulin promoter and vy fibrinogen
promoter contain two STAT3/NF-«B overlapping binding sites
and that the activation of NF-«<B by IL-14 can suppress
STAT3/STAT]I binding [42,43]. The probe m67 used here does
not contain an NF-«B-binding site; no apparent binding of NF-
xB to m67 was observed after stimulation with IL-14. Therefore
at least two mechanisms are involved in the suppression by
IL-14 of IL-6-induced type II acute-phase gene expression: (1)
the dephosphorylation of STAT1 by a proteasome-dependent
mechanism, followed by the down-regulation of IL-6-induced
STAT activation; (2) the attenuation of STAT1/STATS3 binding
to acute-phase gene promoters by activated NF-«B [43]. Addi-
tional studies will be required to define more precisely how
proteasome-dependent mechanisms are involved in the sup-
pression of IL-6-activated STATI by IL-14 but the findings
already provide a useful model for cross-talk between the IL-1/
and IL-6 signal-transduction pathways. In particular, the findings
provide an initial explanation for how IL-14 concomitantly
induces NF-«B while down-regulating STAT-dependent path-
ways in hepatic cells. This type of combinatorial action might
therefore be crucial for the IL-1-dependent selection of gene
expression during the acute-phase response to tissue injury.

Note added in proof (received 2 November 2000)

Since this paper was originally submitted, Ahmed and Ivashkiv
[44] reported that IL-1/4 inhibited IL-6 signalling in primary
macrophages. These results are in agreement with ours and
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suggest that inhibition of IL-6 signalling by IL-14 is not cell-
type-specific.

We thank Dr. David Wallach (Weizmann Institute of Science, Rehovot, Israel) for
providing us with the dominant-negative expression vectors. This work was supported
by National Institutes of Health Grants RO3AA11823, RO1AA12637 and R29CA72681
(to B.G.) and HL56419 (to M.J.H.).

REFERENCES

1

2

Baumann, H. (1989) Hepatic acute phase reaction in vivo and in vitro. In Vitro Cell.
Dev. Biol. 25, 115126

Ramadori, G. and Christ, B. (1999) Cytokines and the hepatic acute-phase response.
Semin. Liver Dis. 19, 141170

Conti, P., Bartle, L., Barbacane, R. C., Reale, M. and Sipe, J. D. (1995) The down-
regulation of IL-6-stimulated fibrinogen steady state mRNA and protein levels by
human recombinant IL-1 is not PGE2-dependent: effects of IL-1 receptor antagonist
(IL-1RA). Mol. Cell. Biochem. 142, 171178

Fey, G. H., Hocke, G. M., Wilson, D. R., Ripperger, J. A., Juan, T. S., Cui, M. and
Darlington, G. J. (1994) Cytokines and the acute phase response of the liver. In Liver
Biology and Pathobiology, 3rd edn (Arias, I. M., Boyer, J. L., Fausto, N., Jakoby,

W. B. and Schachter, D., eds.), pp. 113—143, Raven Press, New York

Heinrich, P. C., Behrmann, 1., Muller-Newen, G., Schaper, F. and Graeve, L. (1998)
Interleukin-6-type cytokine signalling through the gp130/JAK/STAT pathway.
Biochem. J. 334, 297-314

Darnell, Jr., J. E. (1997) STATs and gene regulation. Science 277, 1630—1635
Leonard, W. J. and 0'Shea, J. J. (1998) JAKs and STATs: biological implications.
Annu. Rev. Immunol. 16, 293322

Kim, H. and Baumann, H. (1999) Dual signaling role of the protein tyrosine
phosphatase SHP-2 in regulating expression of acute-phase plasma proteins by
interleukin-6 cytokine receptors in hepatic cells. Mol. Cell. Biol. 19, 5326—5338
Haspel, R. L., Salditt-Georgieff, M. and Darnell, Jr., J. (1996) The rapid inactivation of
nuclear tyrosine phosphorylated STAT1 depends upon a protein tyrosine phosphatase.
EMBO J. 15, 6262—6268

Liang, H., Venema, V. J., Wang, X., Ju, H., Venema, R. C. and Marrero, M. B. (1999)
Regulation of angiotensin Il-induced phosphorylation of STAT3 in vascular smooth
muscle cells. J. Biol. Chem. 274, 19846—19851

Venema, R. C., Venema, V. J., Eaton, D. C. and Marrero, M. B. (1998) Angiotensin II-
induced tyrosine phosphorylation of signal transducers and activators of transcription
1 is regulated by Janus-activated kinase 2 and Fyn kinases and mitogen-activated
protein kinase phosphatase 1. J. Biol. Chem. 273, 30795-30800

Haspel, R. L. and Darnell, Jr., J. E. (1999) A nuclear protein tyrosine phosphatase is
required for the inactivation of STAT1. Proc. Natl. Acad. Sci. U.S.A. 96,
10188—10193

Marrero, M. B., Venema, V. J., Ju, H., Eaton, D. C. and Venema, R. C. (1998)
Regulation of angiotensin Il-induced JAK2 tyrosine phosphorylation: roles of SHP-1
and SHP-2. Am. J. Physiol. 275, C1216—C1223

David, M., Chen, H. E., Goelz, S., Larner, A. C. and Neel, B. G. (1995) Differential
regulation of the alpha/beta interferon-stimulated JAK/STAT pathway by the SH2
domain-containing tyrosine phosphatase SHPTP1. Mol. Cell. Biol. 15, 7050—7058
You, M., Yu, D. H. and Feng, G. S. (1999) Shp-2 tyrosine phosphatase functions as a
negative regulator of the interferon-stimulated JAK/STAT pathway. Mol. Cell. Biol. 19,
2416-2424

Haque, S. J., Harbor, P., Tabrizi, M., Yi, T. and Williams, B. R. (1998) Protein-
tyrosine phosphatase Shp-1 is a negative regulator of IL-4- and IL-13-dependent
signal transduction. J. Biol. Chem. 273, 33893—33896

Woetmann, A., Nielsen, M., Christensen, S. T., Brockdorff, J., Kaltoft, K., Engel, A. M.,
Skov, S., Brender, C., Geisler, C., Svejgaard, A. et al. (1999) Inhibition of protein
phosphatase 2A induces serine/threonine phosphorylation, subcellular redistribution,
and functional inhibition of STAT3. Proc. Natl. Acad. Sci. U.S.A. 96, 10620—10625
Kim, T. K. and Maniatis, T. (1996) Regulation of interferon-y-activated STAT1 by the
ubiquitin—proteasome pathway. Science 273, 17171719

Yu, C. L. and Burakoff, S. J. (1997) Involvement of proteasomes in regulating
JAK—STAT pathways upon interleukin-2 stimulation. J. Biol. Chem. 272,
1401714020

Received 28 June 2000/8 September 2000; accepted 16 October 2000

20

21

22

23

24

25

26

27

28
29

30

31

32

33

34

35

36

37

38

39

40

4

42

43

44

Callus, B. A. and Mathey-Prevot, B. (1998) Interleukin-3-induced activation of the
JAK/STAT pathway is prolonged by proteasome inhibitors. Blood 9, 3182—3192
Gebert, C. A, Park, S. and Waxman, D. J. (1999) Termination of growth hormone
pulse-induced STATSb signaling. Mol. Endocrinol. 13, 3856

Starr, R. and Hilton, D. J. (1999) Negative regulation of the JAK/STAT pathway.
BioEssays 21, 47-52

Sengupta, T. K., Talbot, E. S., Scherle, P. A. and Ivashkiv, L. B. (1998) Rapid
inhibition of interleukin-6 signaling and STAT3 activation mediated by mitogen-
activated protein kinases. Proc. Natl. Acad. Sci. U.S.A. 95, 1110711112

Terstegen, L., Gatsios, P., Bode, J. G., Schaper, F., Heinrich, P. C. and Graeve, L.
(2000) The inhibition of interleukin-6-dependent STAT activation by mitogen-activated
protein kinases depends on tyrosine 759 in the cytoplasmic tail of glycoprotein 130.
J. Biol. Chem. 275, 18810—18817

Bhat, G. J., Abraham, S. T. and Baker, K. M. (1996) Angiotensin Il interferes with
interleukin 6-induced Stat3 signaling by a pathway involving mitogen-activated protein
kinase kinase 1. J. Biol. Chem. 271, 22447-22452

Chen, R., Chang, M., Su, Y., Tsai, Y. and Kuo, M. (1999) Interleukin-6 inhibits
transforming growth factor-4-induced apoptosis through the phosphatidylinositol 3-
kinase/Akt and signal transducers and activators of transcription 3 pathways. J. Biol.
Chem. 274, 23013-23019

Nguyen, V. T. and Gao, B. (1999) Cross-talk between o,g-adrenergic receptor
(a45AR) and interleukin-6 (IL-6) signaling pathways. Activation of e, AR inhibits IL-6-
activated STAT3 in hepatic cells by a p42/44 mitogen-activated protein kinase-
dependent mechanism. J. Biol. Chem. 274, 34492—35498

Dinarello, C. D. (1997) Interleukin-1. Cytokine Growth Factor Rev . 8, 253—265
Verma, I. M., Stevenson, J. K., Schwarz, E. M., Van Antwerp, D. and Miyamoto, S.
(1995) Rel/NF-xB/I1xB family: intimate tales of association and dissociation. Genes
Dev. 9, 2723-2735

Thanos, D. and Maniatis, T. (1995) NF-xB: a lesson in family values. Cell 80,
529-532

Verma, |. M. and Stevenson, J. (1997) 1B kinase: beginning, not the end.

Proc. Natl. Acad. Sci. U.S.A. 94, 11758—11760

Schulze-Osthoff, K., Ferrari, D., Riehemann, K. and Wesselborg, S. (1997) Regulation
of NF-«B activation by MAP kinase cascades. Immunobiology 198, 35-49

Reddy, S., Huang, J. and Liao, W. (1997) Phosphatidylinositol 3-kinase in interleukin
1 signaling. Physical interaction with the interleukin 1 receptor and requirement in
NFxB and AP-1 activation. J. Biol. Chem. 272, 2916729173

Stylianou, E. and Saklatvala, J. (1998) Interleukin-1. Int. J. Biochem. Cell. Biol. 30,
1075-1079

Gao, B. and Kunos, G. (1994) Transcription of the rat 1B adrenergic receptor gene
in liver is controlled by three promoters. J. Biol. Chem. 269, 15762—15767

Gao, B., Spector, M. and Kunos, G. (1995) The rat o1B adrenergic receptor gene
middle promoter contains multiple binding sites for sequence-specific proteins
including a novel ubiquitous transcription factor. J. Biol. Chem. 270, 56145619
Sadowski, H. B., Shuai, K., Darnell, Jr., J. E. and Gilman, M. Z. (1993) A common
nuclear signal transduction pathway activated by growth factor and cytokine
receptors. Science 261, 1739—1744

Wagner, B. J., Hayes, T. E.,, Hoban, C. J. and Cochran, B. H. (1990) The SIF binding
element confers sis/PDGF inducibility onto the c-fos promoter. EMBO J. 9,
44774484

Allgood, V. E., Zhang, Y., O'Malley, B. W. and Weigel, N. L. (1997) Analysis of
chicken progesterone receptor function and phosphorylation using an adenovirus-
mediated procedure for high-efficiency DNA transfer. Biochemistry 36, 224—232
Malinin, N. L, Boldin, M. P., Kovalenko, A. V. and Wallach, D. (1997) MAP3K-related
kinase involved in NF-xB induction by TNF, CD95 and IL-1. Nature (London) 385,
540-544

Nguyen, V. A, Chen, J., Hong, F., Ishac, E. J. and Gao, B. (2000) Interferons activate
the p42/44 mitogen-activated protein kinase and JAK—STAT (Janus kinase-signal
transducer and activator transcription factor) signalling pathways in hepatocytes:
differential regulation by acute ethanol via a protein kinase C-dependent mechanism.
Biochem. J. 349, 427—434

Zhang, Z., Fuentes, N. and Fuller, G. M. (1995) Characterization of the IL-6
responsive elements in the  fibrinogen gene promoter. J. Biol. Chem. 270,
2428724291

Zhang, Z. and Fuller, G. (1997) The competitive binding of STAT3 and NF-«B on an
overlapping DNA binding site. Biochem. Biophys. Res. Commun. 237, 90-94
Ahmed, S. and Ivashkiv, L. B. (2000) J. Immunol. 165, 5227—5237

© 2000 Biochemical Society



